Cheng YJ, Lang D, Caruthers SD, Efimov IR, Chen J, Wickline SA. Focal but reversible diastolic sheet dysfunction reflects regional calcium mishandling in dystrophic mdx mouse hearts.
The clinical DMD phenotype reflects the absence of normal dystrophin as a consequence of mutations of the dystrophinencoding gene on the X chromosome. Dystrophin is a key component of the transmembrane dystrophin-associated glycoprotein complex that bridges intracellular actin and the extracellular matrix to facilitate mechanical coupling and signal transduction and to stabilize the sarcolemma membrane (25, 56, 66) . Our previous work using magnetic resonance (MR) tagging uncovered occult abnormal wall strains occurring regionally at the base of heart in DMD patients (3) . A subsequent report by Li et al. (44) also suggested that cardiac mechanical strain abnormalities are more prominent in the basal segments of hearts in muscular dytrophy (mdx) mice. These observed regional dependencies for DMD cardiac mechanical dysfunction remain to be explained, as the mutation is present homogeneously in all cardiomyocytes (5, 11, 70) .
The heart comprises a syncytium of cardiomyocytes that are organized in unique three-dimensional (3-D) fiber-sheet architecture that is critical for optimizing a coordinated sequence of excitation, contraction, and relaxation (15, 62) . Many reports have shown that sheet function produces a sliding motion that is accompanied by dynamic sheet reorientation in systole, which contributes ϳ50% of focal wall thickening (14, 16, 41, 42) . Because one role of dystrophin is to anchor cardiomyocytes to the extracellular matrix to coordinate contractionrelaxation coupling, we propose that dystrophin deficiency could adversely affect sheet function. Given that ventricular wall strain/stress vary regionally, and in light of the expected vulnerability of dystrophin deficient cardiomyocytes to stretchinduced membrane injury, we sought to examine the role of sheet function in the regional mechanical defects reported in the dystrophin-deficient cardiomyopathy (3, 44) .
Diffusion tensor MRI (DTI) is an established method for rapid 3-D reconstruction of myocardial microarchitecture that can depict structural changes across the heart cycle in the intact heart. (14, 61) . The technique involves a pixel-by-pixel estimation of the eigenvectors of water diffusion tensor from seven or more MR images (6, 7) . The primary eigenvector, or the eigenvector corresponding to the largest eigenvalue, is considered to be aligned with the local orientation of cardiac myofibers, and thus defines the fiber angle (␣) (27, 35, 36, 60) . The secondary eigenvector, which corresponds to the second largest eigenvalue, is aligned parallel to sheet surfaces (68) and thus defines the sheet angle (␤). This definition system is based on the fact that eigenvalues of a diffusion tensor are also the apparent diffusion coefficients describing microscopic diffusion movements, which is largest in the fiber direction and second largest in the sheet direction (13, 60) . In addition to the orientation information, the diffusion tensor also provides shape information within the microdiffusion environment based on fractional anisotropy (FA) (22) .
With respect to pathophysiological features of dystrophin deficiency potentially responsible for mechanical dysfunction, several recent studies in isolated cardiomyocytes of mdx mouse have suggested that intracellular Ca 2ϩ concentration ([Ca   2ϩ ] i ) mishandling is a key causative factor (2, 23, 75) . However, how calcium mishandling influences cardiac mechanical dysfunction in whole heart preparations has not been clarified, especially taking into account cellular and mechanical events that are spatio-temporally distributed (e.g., excitation-contraction coupling) and regionally heterogeneous (e.g., stress and strain) (4, 17) . Given the recognized abnormal and regionally heterogeneous wall strains (3) and fibrosis (3, 76, 77) in DMD hearts and the similarly heterogeneous wall strains (44) and fibrosis (44, 63) in mdx mouse heart, the present work is focused on the hypothesis that the functional consequences of dystrophin deficiency play out regionally in DMD hearts over time, despite the ubiquitous genetic abnormality in all cardiomyocytes.
Accordingly, we sought to elucidate such regional mechanical consequences of the disease on local myocardial fibersheet function with the use of DTI, in concert with whole heart optical calcium mapping. The complete global 3-D information set acquired in isolated perfused beating mdx hearts should allow delineation of both the locus (regional and intramural) and the cycle dependence (diastole vs. systole) of the principle cardiac defects in dystrophin-deficiency and potentially shed light on whether these defects might be reversible (i.e., functional) consequences of calcium mishandling or be nonreversible consequences of fibrosis (i.e., remodeling).
MATERIALS AND METHODS

Animals
Adult male mdx (C57BL/10ScSn-Dmd mdx /J, N ϭ 14) and agematched male wild-type (WT: C57BL/10SnJ, N ϭ 10; and C57BL/6, N ϭ 3) mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and the National Institute on Aging (18) and housed under an American Association for Accreditation of Laboratory Animal Care-approved facility to 16 mo of age. All mice were housed in the same animal facility and cared for under approval by Washington University's Animal Study Committee. All mice were separated into two groups for DTI and optical mapping studies.
DTI
Isolated heart preparation for DTI. Ten mdx mice and 10 WT mice (C57BL/10SnJ) were used for DTI measurement. Mice were heparinized (1,000 U/kg) and anesthetized with 0.05 isoflurane. Hearts were excised and cannulated for retrograde perfusion using a procedure modified from Chen et al. (14) . Briefly, hearts were first perfused with Krebs buffer at 60 mmHg constant pressure for ϳ5 min to wash out the residue blood. Five mdx hearts and five WT hearts were perfusion arrested in diastole (perfusion pressure ϭ 60 mmHg) with the regular St. Thomas (13) . All solutions were equilibrated with 95% O2-5% CO2 (pH 7.4) and contained adenosine (45 mol/l) to maximally dilate the coronary Fig. 1 . Representative diffusion tensor MRI (DTI) and histology images of sheet architecture in wild-type (WT) mouse hearts. A: a local cylindrical coordinate system was used to determine left ventricular (LV) myocardial structures. The primary eigenvector of the diffusion tensor is characterized by helix angle (␣), which is the angle between the circumferential axis (CA) and the projection of the first eigenvector (EV1) onto the circumferential-longitudinal plane; the ␣ shown in A is set as negative. The secondary eigenvector (EV2) is characterized by sheet angle (␤), which is the angle between the secondary eigenvector and the radial axis (RA); the ␤ shown in A, toward base and toward endocardium, is set as negative. B and C: short-axis views of DTI determined sheet angle (␤) in a basal slice of WT heart that was sequentially arrested in diastole (B) and systole (C). The posterior-lateral wall of LV manifested two populations of ␤, exhibiting positive (red) and negative (blue) values. D: histology of sheet organization in a WT heart. Images were acquired from the basal-lateral wall, which is highlighted on the hematoxylin and eosin-stained image (inset). Two populations of ␤ were observed. RV, right ventricle; PA, papillary muscle; P, posterior; L, left; R, right; A, anterior. vessels (39) . Bovine serum albumin (61 mol/l) was added to the perfusate to minimize interstitial edema (20, 74) . DTI of systolic hearts was imaged for ϳ1.5 h. Upon the completion of MRI, all hearts were perfused with 10% formalin to fix in systole for histological study.
To evaluate the effect of [Ca 2ϩ ] on the diastolic cardiomyocyte architecture in mdx mice, another five mdx hearts and five WT hearts were perfusion arrested in diastole with a modified cardioplegic solution containing low [Ca 2ϩ ] of 0.078 mmol/l (denoted as mdx-LC and WT-LC, respectively). The 0.078 mmol/l [Ca 2ϩ ] was chosen over the calcium-free condition to minimize the risk of complete depletion of intracellular calcium, which can cause calcium overload upon reperfusion with solutions containing normal [Ca 2ϩ ], thereby exerting unfavorable effects on certain ion channels (49, 55) .
A MR-compatible, viable mouse heart perfusion system. A dedicated MRI-compatible, retrograde mouse heart perfusion system was used to acquire high signal-to-noise diffusion tensor MR images. This system provides a quantitative and nondestructive assessment of diastolic and systolic myocardial architecture from the same heart.
The system includes 1) a custom-built 15-mm-diameter solenoid coil, which provides high signal to noise (65 for nondiffusion-weighted images, and 40 for diffusion-weighted images) and 2) a Langendorff constant-pressure perfusion apparatus that allows arrest of a viable heart sequentially in diastole and then in systole.
MRI procedure. All MRI experiments were performed on a Varian 11.7-T small animal MR scanner (Varian Associates; Palo Alto, CA), and a custom-built 10-mm-diameter solenoid coil was used to acquire images. Long-axis scout images were acquired as previously described (14) . A multislice spin-echo sequence with diffusion-sensitizing bipolar gradient was used to acquire short-axis, diffusionweighted images. Diffusion-sensitizing gradients were applied in six noncolinear directions. Imaging parameters are as follows: echo time, 46 ms; time interval between diffusion-sensitizing gradients, 30 ms; b value, 0 and 800 s/mm 2 ; in-plane resolution, 125 ϫ 125 m 2 ; repetition time, 3 s; and image-acquisition time, 1 h. For diastolicarrested hearts, eight contiguous slices (thickness ϭ 0.7 mm) extending from the base to apex were acquired. For systolic-arrested hearts, eight contiguous slices were acquired with slice thickness adjusted to ifference occurred at the basal region. In contrast, mdx hearts perfused with the low calcium solution (mdx-LC) exhibited normal diastolic |␤|. Varying [Ca 2ϩ ] had no effect on diastolic |␤| in WT hearts (WT-LC). B: systolic |␤| exhibited no difference among 4 groups of hearts. C: diastolic |␤| in the epicardium, midcardium, and endocardium at the base of WT and mdx hearts. In all regions, diastolic |␤| of mdx-LC hearts were comparable with that of WT-LC and WT-NC hearts, but all were higher than that of mdx-NC hearts. The largest difference in diastolic |␤| between mdx-LC and mdx-NC was observed in the endocardium. D and E: representative DTIdetermined diastolic |␤| maps on short-axis slices at the base of mdx-NC and mdx-LC hearts. The lower |␤| in the mdx-NC heart, indicated by fewer regions with red color, was visually appreciable. F: in the posterior-lateral region (the areas enclosed by dashed line in D and E), the diastolic |␤| of mdx-NC hearts was approximated 20°lower than that of mdx-LC hearts and of all WT hearts. Data represent means Ϯ SE; N ϭ 5 for each group. *P Ͻ 0.05 and †P Ͻ 0.005 for the indicated short-axis location. 0.55-0.65 mm based on the fraction of longitudinal shortening after barium-induced contracture. Attention was paid to keep the slice selection and the heart orientation the same between diastole and systole imaging.
DTI data analysis. All MR images were processed using customdeveloped software written in Matlab (MathWorks) as previously described (14) . Fiber helix angle (␣) and sheet angle (␤) are calculated from the tensor according to the literature (14) (see the DTI paragraph in Introduction for background). Briefly, the fiber helix angle (␣) was calculated as the angle between the circumferential cardiac axis and the projection of the first eigenvector of the diffusion tensor onto the circumferential-longitudinal plane; the right-handed helix was set as positive (60) . Sheet angle (␤) was determined as the angle between the secondary eigenvector and the radial axis; the sheet inclined toward the base from endocardium to epicardium was set as positive ( Fig. 1 ) (60, 68) . Because regional wall thickening is accompanied by a reduced magnitude of the sheet angle (|␤|) despite the sign of sheet angle (14, 42) , the |␤| was used to analyze regional diastolic and systolic sheet function. Left ventricular (LV) wall thickness was calculated as the mean distance between epicardial and endocardial borders. The through-wall difference of ␣, defined as the difference in endocardial and epicardial helix angles, i.e., ⌬␣ ϭ ␣ endocardium Ϫ ␣epicardium, was used to quantify transmural changes of fiber orientation.
Histology. After DTI acquisition, five mdx and five WT hearts were rapidly fixed in 10% formalin. Afterward, fixed hearts were sliced into four blocks with 2 mm thickness from base to apex. Each slice was embedded in paraffin and sectioned at 4 m thickness. The tissue sections were stained with picrosirius red for the identification of fibrosis (71) . Quantitative light microscopic analysis of histological samples was performed by video microscopy. The extent of myocardial fibrosis was quantified from digitized histological images using a thresholding algorithm implemented in MatLab. Regions that demonstrate stronger red-to-green ratio in picrosirius red staining were considered to represent interstitial fibrosis. The percentage of tissue fibrosis was calculated as the ratio of pixels representing fibrotic tissue versus. pixels of the entire short-axis slice, and the average value in two adjacent slices were used in analysis.
Optical Mapping
Isolated heart preparation and calcium dye loading. Seven Langendorff-perfused hearts from 16-mo-old mice were separated into two groups [mdx, N ϭ 4; and WT (C57BL/6), N ϭ 3]. The isolated heart preparation was according to a Langendorff perfusion protocol modified for murine hearts (40) . In brief, after anesthesia and heart excision, a short section of aorta was attached to a 21-gauge cannula. After cannulation, hearts were superfused and retrogradely perfused with oxygenated (95% O 2-5% CO2) constant temperature (37 Ϯ 1°C), modified Tyrode solution consisting of (in mmol/l) 128.2 NaCl, 4.7 KCl, 1.19 NaH2PO4, 1.05 MgCl2, 1.3 CaCl2, 20.0 NaHCO3, and 11.1 glucose (pH 7.3) that was passed through a 5-m filter (Millipore, Billerica, MA). Perfusion was performed using a peristaltic pump (Peri-Star, WPI, Sarasota, FL) under a constant aortic pressure of 60 -80 mmHg.
The isolated heart was pinned at the edge of ventricular apex to the Sylgard bottom of the chamber to prevent stream-induced movement. A small silicon tube was inserted into the left ventricle through the pulmonary vein, left atria, and tricuspid valve to prevent solution congestion and subsequent ischemia. A small black tape was used to Fig. 3 . Averaged wall thicknesses in each shortaxis slice are similar in all WT and mdx groups, both in diastole (A) and in systole (B). Averaged through-wall myofiber helix angle differences (⌬␣) in each short-axis slice are similar in all WT and mdx groups, both in diastole (C) and in systole (D). Overall, ⌬␣ is increased in systole, agreeing with a prior publication (14) . No significance was detected in all comparisons in each panel.
cover the atria to avoid fluorescence scattering pollution from the atria. Excitation-contraction uncoupler blebbistatin (10 M, Tocris Bioscience) was used to prevent the effect of motion artifact on the action potential duration estimation. The heart was then stained with a calcium indicator (30 l of 1 mg/ml dimethyl sulfoxide, 1:1 mixed with Fluronic F127, Invitrogen, Carlsbad, CA, in Tyrode solution; Rhod-2 AM, Invitrogen) for 5-7 min.
Optical imaging system. The excitation light was generated by a halogen lamp (Newport Oriel Instruments, Stratford, CT; SciMedia, Costa Mesa, CA) and passed through a heat filter, shutter, and excitation band-pass filter (520 Ϯ 45 nm). A flexible light guide directs the band-pass filtered light onto the preparation. The optical mapping apparatus comprised an MiCAM Ultima-L CMOS camera (SciMedia) with high-spatial (100 ϫ 100 pixels, 230 Ϯ 20 m per pixel) and temporal (1,000 -3,000 frames/s) resolution. A band-pass filter (590 Ϯ 15 nm, Thorlabs, Newton, NJ) was fixed in front of the calcium-imaging camera.
Optical mapping protocols. After isolation and cannulation, motion suppression, and dye staining, prepared hearts were equilibrated for 5-10 min before imaging. The optical mapping signals were recorded sequentially under unloaded and stretched conditions. The unloaded condition was achieved by a pressure releasing silicon tube inserted into the LV chamber of the Langendorff heart preparation. The stretched condition was achieved by inflating the LV chamber with Tyrode solution to 80 mmHg pressure through the silicon tube inserted into the left ventricle. The perfusion pressure was increased from 60 to 100 mmHg to maintain the direction of the retrograde perfusion and the viability of the perfused heart. A steady-state restitution (S1-S1) (40) pacing protocol was applied under both conditions.
Optical mapping data processing. A custom-designed MatLab program was used to analyze the optical mapping signals. The signals were filtered with a low-pass Butterworth filter at 256 Hz. Regional calcium dynamics were quantified in WT and mdx mouse ventricles (base vs. apex) under both unloaded and stretched conditions. Handdrawn regions of interest were used to define basal (upper 1/3 area of left ventricle) versus apical regions (lower 1/3 area of left ventricle). Because the calcium relaxation process is not monoexponential, only the latter half of the calcium signal decay could be fitted exponentially to derive the decay constant. Typically, both 50% relaxation decay time (T50) and the decay constant are used to characterize calcium relaxation kinetics (12, 29, 47, 48, 57, 58, 64, 72, 75, 80) . Specifically, the Ca 2ϩ relaxation time from the calcium transient peak value to 50% relaxation (T50) was calculated to define the calcium reuptake phase, and Ca 2ϩ decay constant was calculated using an exponential curve fitting program from the 50% calcium peak value to full relaxation. Taken together, the T50 (for the early relaxation phase) and the decay constant (for the late relaxation phase) represent the whole process of Ca 2ϩ reuptake-dependent relaxation. 
H563 CALCIUM AND SHEET DYSFUNCTION IN MDX HEARTS
Statistics. Statistical differences were assessed with the use of analysis of variance (ANOVA) or multivariate analysis of variance (MANOVA) as appropriate. Bonferroni correction was applied to post hoc comparisons. A value of P Ͻ 0.05 was considered significant. Data were expressed as means Ϯ SE. All statistics were conducted with the IBM SPSS statistics program.
RESULTS
mdx Hearts Manifest Abnormal but Recoverable Regional Diastolic Sheet Function
DTI defined two populations of ␤ with opposite signs in the LV wall of WT and mdx mice, as confirmed by several previous reports (14, 28, 33, 41, 52, 68) . The |␤| value is decreased in systole (Figs. 1, B and C, and 2, A and B) , reflecting the reorientation of myocardial sheets, which contributes ϳ50% of systolic focal wall thickening (14, 16, 41, 42) . Under conditions of barium-induced systolic arrest, the systolic |␤| was comparable among all groups of hearts [P ϭ not significant (NS)]. However, the diastolic |␤| of mdx hearts (mdx-NC) was ϳ10°lower than that of WT hearts (WT-NC) at the base when perfused with the regular cardioplegic solution (P Ͻ 0.05, Fig. 2) . The |␤| at the apex of mdx-NC hearts appeared normal (P ϭ NS compared with WT-NC at each corresponding short-axis imaging slice), demonstrating that sheet diastolic dysfunction in mdx hearts occurred focally at the base.
By the reduction of the [Ca 2ϩ ] of the cardioplegic solution to 7% of its regular concentration, a complete and rapid restoration of diastolic |␤| in mdx hearts (mdx-LC) to normal values was observed. No effect of calcium manipulation on WT diastolic |␤| was observed (WT-LC, P ϭ NS compared with WT-NC at each corresponding short-axis imaging slice), indicating that the diastolic sheet dysfunction in mdx hearts was substantially calcium dependent. These data suggest that Fig. 5 . Calcium relaxation for mdx and WT. A: representative calcium transients at the base of a WT (blue line) and a mdx (red line) heart. Signals were averaged from adjacent 25 charge-coupled device elements. Definitions of T50 and decay constant are illustrated. B and C: representative T50 and decay constant maps in a mdx and a WT heart under unloaded vs. stretched condition. D and E: under unloaded conditions, both T50 and decay constant were comparable between mdx and WT hearts. Ventricular stretch caused regional increases of T50 and decay constant at the base of mdx hearts. However, WT hearts exhibit similar T50 and decay constant. *P Ͻ 0.05; **P Ͻ 0.01. even at this advanced age, a principal mechanical abnormality in mdx mice likely is associated with incomplete sarcomere relaxation that is regionally dependent.
At the base, further regional analysis indicated that the maximal decrease of diastolic |␤| in mdx-NC hearts occurred in the endocardium and in the posterior-lateral wall. When compared with WT-NC, mdx-NC exhibited 13°lower |␤| (75 Ϯ 2 vs. 62 Ϯ 3°, P Ͻ 0.005) in the endocardium (inner 1/3 wall depth in transmural direction), 10°lower |␤| (74 Ϯ 1 vs. 64 Ϯ 2°, P Ͻ 0.05) in the midcardium (middle 1/3 wall depth in transmural direction), and 8°lower |␤| (68 Ϯ 2 vs. 60 Ϯ 2°, P Ͻ 0.05) in the epicardium (outer 1/3 wall depth in transmural direction) (Fig. 2C) . In the posterior-lateral wall, the diastolic |␤| was 51 Ϯ 6°in mdx-NC (Fig. 2F) . This value was ϳ20°l ower than that of mdx-LC (70 Ϯ 4°), as well as that of WT-NC (72 Ϯ 4°) or WT-LC (72 Ϯ 6°) groups (P Ͻ 0.05 for all comparisons). Together, these findings indicate a clear regional and transmural dependence of incomplete relaxation despite the ubiquitous dystrophin mutation. mdx and WT hearts exhibit similar transmural fiber organization and function but lower FA. Wall thickness and throughwall differences of myofiber helix angle (⌬␣) were similar between mdx and WT mice (Fig. 3) , suggesting that the major mechanical abnormality was confined to sheets rather than fibers. The normal wall thickness agrees with data of former publications (44, 63) . In all hearts, systolic FA was ϳ40% lower than diastolic FA (P Ͻ 0.05 for all comparisons, Fig. 4 ), indicating that a more isotropic diffusion environment was elicited by cardiac contraction (19, 26) , as expected from fibers shortening in the long axis and expanding in the short axis (i.e., becoming rounder or less oblong).
Optical imaging reveals longer calcium decay time (T 50 ) with regional dependencies on stretch. Figures 5 illustrates the calcium T 50 , as defined by optical mapping, which represents the duration of [Ca 2ϩ ] i decay from 100 to 50% of its peak value. Under unloaded conditions, T 50 was comparable between mdx and WT hearts. However, ventricular stretch elicited an ϳ25% increase in T 50 (from 40 Ϯ 2 to 51 Ϯ 3 ms, P Ͻ 0.05) and ϳ50% increase of decay constant (from 25 Ϯ 1 to 37 Ϯ 1 ms, P Ͻ 0.05) at the base of mdx hearts, confirming abnormal calcium uptake in this region. Ventricular stretch, however, did not affect the T 50 or decay constant at the apex of mdx hearts, nor in the entire left ventricle of WT hearts, indicating a heterogeneous regional dependency on the development of abnormal calcium handling in mdx.
Mdx hearts exhibit higher fibrosis content at base compared with apex. Figure 6 illustrates representative histopathology in picrosirius red stained mdx hearts. Scattered interstitial fibrosis staining was observed throughout the entire myocardium. Quantitative analysis demonstrated that WT mice exhibited similar collagen content at the base versus the apex. However, mdx mice exhibited approximately three times more collagen at the base compared with the apex, agreeing with prior patient studies (76, 77) and mdx mice studies (44, 63) .
DISCUSSION
This study shows for the first time that mdx hearts exhibit an abnormal myocardial sheet angle magnitude |␤| in relaxation that is calcium dependent and rapidly reversible. Furthermore, regional and intramural gradients of diastolic dysfunction are evident, primarily in the more basal segments where abnormal calcium reuptake has been demonstrated. These colocalized abnormalities in calcium reuptake and diastolic sheet function strongly suggest that features other than the simple absence of dystrophin are critical to the evolution of heart failure in DMD. Indeed, it is well recognized that the mechanical defect in the dystrophin-encoding gene does not independently elicit DMD cardiac functional defects such as reduced circumferential wall strain (3), which emerge in a regionally heterogeneous fashion over time and not at all loci where dystrophin is missing.
Given that cardiac contraction induces sheet sliding, extension, and reorientation leading to the reduced |␤|, the observed lower diastolic |␤| may reflect the state that mdx cardiomyocytes are not fully relaxed in diastole. The low-diastolic FA of mdx hearts, indicating more round shaped fiber/sheets organization (19, 26) , also implies this diastolic mechanical defect of mdx hearts. Systolic FA of mdx is lower than that of WT, indicating while the mechanical sheet orientation is not affected by the absence of dystrophin in systole, the microstructural shape of muscular architecture is affected, which requires further investigation. We also showed that this regional diastolic sheet dysfunction in mdx hearts is a likely consequence of persistently elevated cytosolic calcium, because it is quickly reversible upon perfusion with a lower level of calcium (Fig. 2) .
The prior recognition of stretch-induced calcium mishandling in isolated mdx cardiomyocytes informs the present work (23, 75) . Specifically, mechanical stretch increases the opening chance of stretch-activated channels (75) and develops transient membrane microruptures in mdx cardiomyocytes (65, 66) . The resultant leakage of extracellular calcium into the cytosol then compromises calcium clearance during relaxation and renders mdx cardiomyocytes vulnerable to stretch-induced injury (59) . In this study of intact perfused hearts, we employed a stretch protocol to mimic cardiomyocyte activity under moderate strain regimes by inflating LV pressure to 80 mmHg, which is similar to that used for investigating fibrillation by several groups (10, 21, 37, 50, 78) . Under the stretched condition, mdx hearts exhibited regional deficiency in calcium uptake, as evidenced by the prolonged T 50 and decay time constant, at the base where the sheet functional defect was observed. Thus our results illustrate a regional correspondence between abnormal diastolic sheet mechanics and disturbed calcium kinetics.
Calcium kinetic signals from the optical mapping dyes can be recorded from up to 300-m depth of the tissue preparation, among which about half of the total signals come from first 100 m (30) . Although optical mapping data may not reliably represent the tissue beyond 300-m depth, the surface signal provides a reliable and well-accepted surrogate measure of regional tissue calcium kinetics. Regional calcium mishandling, together with the abnormal ␤ and FA, are observed together in all mdx hearts but not in any WT heart, which offers a suitable negative control.
The prolonged T 50 and decay constant observed in mdx mouse hearts may reflect calcium leakage through the destabilized sarcolemma as a direct effect of the lack of infrastructural integrity that otherwise would be provided by the dystrophin-associated glycoprotein complex. Accordingly, a therapeutic strategy to inhibit calcium leakage during the resting state (i.e., unrelated to the operation of voltage-gated L-type channels for cell excitation), could be effective in restoring cardiac function in myopathic mdx heart. The promising results with several novel compounds such as P188 that is claimed to repair sarcolemma microruptures (54) , and S107 that stabilizes ryanodine receptor 2 (8, 9) , together with the ineffectiveness of L-type calcium channel blockers as demonstrated in earlier clinical trials (51) , attests to the potential clinical utility of the approach.
Several potential limitations merit discussion. The ϳ10°d ifference of diastolic |␤| may not contribute to MR detectable wall thickness change because of the limited image resolution relative the wall thickness of mouse hearts and the partial volume effect on edge detection common to MRI exams. Because the measurement of |␤| in ventricular wall is not sensitive to these limitations, our results suggest that |␤| is more sensitive than is MR-measured wall thickness to detect subtle changes in myocardial organization. Quantitative histological validation of DTI-measured sheet angle was not conducted because it has been reported and validated in numerous earlier studies (33, 36, 60, 68) . Because mdx mice can only be purchased from commercial vendors at Ͻ2 mo of age, the considerable time, high cost, and susceptibility to sudden death during even light anesthesia militated against acquiring in vivo cardiac functional readout before DTI experiments. Finally, although the current study did not investigate regional cardiac mechanics, the previous work of our group and others have shown such abnormal regional wall strain is detectable in both patients with DMD (3) and in mdx mice before ventricular function is abnormal (44) .
Although the perfused viable whole heart preparation may not entirely replicate the in vivo condition, the present observations have elucidated striking functional differences between mdx and WT hearts and provided useful insights into the regional macroscopic ventricular mechanical dysfunction and related cellular calcium kinetics that cannot be defined by isolated cell preparations. Because sheet function is a key determinant of ventricular wall strain (16, 69) and calcium mishandling in mdx cardiomyocytes is associated with cellular injury (45, 53, 75) , the observed stretch-induced regional calcium mishandling in mdx hearts may be responsible in part for the local progression of diastolic sheet dysfunction. In combination with the expected heterogeneous distribution of wall strain and stress, increased diastolic stiffness may facilitate a vicious cycle of continuing damage to fragile cell membranes that ultimately results in global heart failure. (17, 31, 43, 44, 79) .
